During apoptosis, cytochrome c released from mitochondria activates Apaf-1, a cofactor of caspase-9.
Introduction
Many cancer chemotherapeutics induce apoptosis and many are being developed to do so. 1 Therefore, knowing how apoptotic pathways in cancer cells are organized may help to improve treatment efficiency, or to avoid unnecessary treatment or drug development. Although the general design of the apoptotic machinery is conserved throughout the species and tissues, the possibility of undiscovered mechanisms, 2, 3 the inherently high heterogeneity of cancers, 4 and the very abnormality of cancer cells imply that apoptotic pathways of these cells may vary substantially. This variability may mean that apoptotic pathways of each tumor or its subpopulation may need to be mapped to optimize treatment and to learn how diverse organization of these pathways is. Approaches that exploit RNAi are especially attractive for such mapping because they are rapid and work in human cells.
During apoptosis, cells are disassembled by caspases, a family of proteases that are activated by two converging pathways. In the extrinsic pathway, binding of cytokines to their receptors results in activation of caspase-8, which then activates caspase-3, the protease that cleaves the majority of caspase substrates thereby disassembling the cell. 5 In the intrinsic pathway, a variety of stimuli, including DNA damage, regulate the Bcl-2 family of proteins that control release of cytochrome c and other proteins from mitochondria. Once released, cytochrome c binds and activates Apaf-1, a cofactor of caspase-9, a protease that then processes and activates caspase-3. 6 In the so-called Type II cells, 7 apoptosis induced by activation of TRAIL receptor or Fas is initiated by the extrinsic pathway but is completed by the distal branch of the intrinsic pathway. In these cells, activated caspase-8 for some reason poorly processes caspase-3, but efficiently cleaves a Bcl-2 family protein Bid. One of the resulting Bid fragments releases cytochrome c from mitochondria thereby activating caspase-9 and, consequently, caspase-3.
The ability of cytochrome c to activate Apaf-1 is supported by numerous observations, 6 although the requirement of cytochrome c for apoptosis in mammalian cells has been tested only in two studies. The first study 8 found that the deficiency of cytochrome c in embryonic cells inhibited apoptosis induced through the intrinsic but not the extrinsic pathway, and increased clonogenic survival of the cells following drug treatment. Perhaps because cytochrome c is required for mitochondrial respiration, mice deficient in this protein die early in development, restricting the quantity and variety of cells available for analysis.
To overcome this problem, a more recent study 9 used mice in which cytochrome c was substituted with a mutant (cytochrome KA) that functions in respiration but has reduced ability to activate Apaf-1. 10, 11 This study confirmed the requirement of cytochrome c for the intrinsic pathway of apoptosis, but found that the phenotypes of the cytochrome KA and mice deficient in Apaf-1 overlapped only partially, which led to the conclusion that in some tissues cytochrome c may not be required for Apaf-1-dependent apoptosis. If true, this conclusion would imply undiscovered pathways of Apaf-1 activation, perhaps analogous to those that activate Drosophila Apaf-1 orthologue Dark, which may function without cytochrome c. 12 In particular, this possibility raises the need to compare the requirements for Apaf-1 and cytochrome c beyond the mouse models.
In this study, we developed tools to test the requirement for cytochrome c for apoptosis in human cells and compared the effects of cytochrome c and Apaf-1 deficiencies on apoptosis and cell survival.
Results and Discussion
To test whether cytochrome c is required for apoptosis in human cells, we used human lung fibroblasts that express adenoviral oncogene E1A (IMR90 E1A ), a cell line that has been used as a convenient and informative model to study effects of oncogenes on mechanisms of apoptosis. In these cells, silencing Apaf-1 or expression of a caspase-9 dominantnegative mutant prevents caspase-9 activation and the subsequent cell disassembly. 13, 14 Therefore, if cytochrome c is required for activating Apaf-1 and apoptosis, then silencing expression of either protein should have the same effect.
Because the reported half-life of cytochrome c in cells is 8 days, 15 we first tested whether concentration of this protein can be efficiently decreased by RNAi. We found that cytochrome c was barely detectable by immunoblotting in 4 days after transfecting cells with either of the two siRNAs that we designed (siCc1 and siCc2, Materials and Methods) ( Figure 1a ). The efficiency of silencing varied among experiments, with siCc2 being always less effective than siCc1. The silencing was not owing to the transfection procedure itself as an siRNA that we used to control for general effects of siRNA transfection (siC1), or an siRNA against Apaf-1 (siA1) 13 had no effect on cytochrome c expression (Figure 1a) .
Cytochrome c remained detectable by immunofluorescence in cells transfected with siCc2, and, to a lesser degree, with siCc1 (Figure 1b) , indicating again that siCc2 was less effective than siCc1. According to this assay, cytochrome c was silenced by siCc1 in about 70% of cells (unpublished results). The majority of cells transfected with either siCc1 or siCc2 remained viable, but transfection with siCc1 caused death of about 10% of the cells shortly after transfection. Transfected cells grew in tissue culture medium for several days with no additional supplements (Materials and Methods), but the rate of proliferation decreased following transfection of siCc1 (unpublished results).
Cytochrome c is required for apoptosis induced by DNA damage
To determine whether cytochrome c was required for apoptosis, we transfected IMR90
E1A cells with siA1, siC1, siCc1, or siCc2, treated the cells with etoposide, an anticancer E1A cells transfected with indicated siRNAs were treated with 50 mM etoposide (solid bars) or left untreated (open bars) for 22 h, collected and used to score apoptotic cells using chromatin condensation as a marker, and to visualize processing of caspase-9 and caspase-3 by immunoblotting (Materials and Methods). Asterisks indicate the precursors whereas arrows indicate the processed caspases. The quantification data represent averages of three independent experiments with the error bars indicating standard deviations. The immunoblots are from one of the experiments drug that induces DNA breaks, and monitored apoptosis by observing chromatin condensation. siA1, siCc1, or siCc2 inhibited apoptosis, whereas siC1 had little effect (Figure 1c) . Similar effects were observed in HeLa cells (Supplementary Figure 1 ), implying that the effects of silencing were not restricted to IMR90 E1A cells. siA1 and siCc1 inhibited processing of caspase-9 and its substrate caspase-3 in IMR90 E1A cells (Figure 1c) , confirming that Apaf-1 and cytochrome c are both required for caspase-9 activation. Consistent with the difference in the effectiveness of silencing, siCc1 inhibited apoptosis and caspase-9 processing better than siCc2, which may explain why some caspase-3 was still processed in cells transfected with siCc2 ( Figure 1c) .
The similarity between the effects of siCc1 and siCc2, and the direct correlation between their effectiveness in silencing and the ability to inhibit apoptosis was consistent with the conclusion that the effect of these siRNAs on apoptosis is due to silencing cytochrome c. To verify this conclusion, we attempted to rescue the effect of these siRNAs by expressing cytochrome c ectopically. However, cytochrome c constituted only a minor fraction of the endogenous protein in all numerous cell lines that we generated. The intriguing difficulty with expressing cytochrome c was consistent with previous report 16 but remains unexplained. We found that inhibiting the proteasome increased the amounts of the ectopic cytochrome c to the desirable levels, but the protein failed to enter mitochondria and aggregated in the nucleus (unpublished results). Eventually, we used cell lines that expressed a fusion of cytochrome c and EGFP, but found that the rescue effect was marginal, perhaps because the achieved concentration of the fusion protein was insufficient to induce apoptosis (unpublished results).
The observation that cytochrome c concentration had to be decreased many fold to inhibit apoptosis raised the possibility that substitution of cytochrome c with the KA mutant, 9 whose ability to activate Apaf-1 is reduced 12-fold, 10 may not be equivalent to deleting the apoptotic function of cytochrome c. Perhaps using mutants that are unable to activate Apaf-1 at all 10 would determine whether this possibility is true.
Cytochrome c is required for TNFa-induced apoptosis
As an approach to test the specificity of silencing cytochrome c, we used the observation that mouse embryonic cells deficient in cytochrome c remain sensitive to TNFa. 8 This observation is consistent with the requirement of cytochrome c for the intrinsic but not the extrinsic pathway of apoptosis, and predicted that silencing cytochrome c should not affect apoptosis induced by TNFa in our experimental system. Indeed, siCc2 had no statistically significant effect on apoptosis (Figure 2a) , although cytochrome c silencing with this siRNA was particularly ineffective in these experiments (Figure 2b ). However, siCc1, which silenced more effectively, inhibited apoptosis (Figure 2a) , implying that either this siRNA had an unidentified target involved in the extrinsic pathway, or caspase-9 activation was required for TNFainduced apoptosis. We reasoned that if the second possibility was true, then the sequence of events leading to cell death should be similar to that observed in type II cells. In these cells, TRAIL or agonists of Fas activate caspase-8, which for some reason fails to activate caspase-3 but processes Bid, which releases cytochrome c leading to activation of caspase-9, and, consequently, of caspase-3. Therefore, we tested whether this sequence of events mediated TNFa-induced apoptosis in IMR90 E1A cells. Consistent with the requirement for caspase-8 in TNFainduced apoptosis, ectopic expression of FlipL, an inhibitor of caspase-8 activation, or of crmA, an inhibitor of caspase-8 activity, protected the cells from TNFa (Figure 2c) , and prevented caspase-8 and caspase-9 processing (Supplementary Figure S2A ). Apoptosis was also inhibited by silencing Bid (Figure 2d and e), indicating that Bid is required, and by ectopically expressed Bcl-2, which protects mitochondria from the effect of Bid (Figure 2f ). Finally, apoptosis was inhibited by silencing Apaf-1 (Figure 2d ). Altogether, these observations indicated that apoptosis induced by TNFa proceeds through the sequence of events described for type II cells. Therefore, the inhibitory effect of siCc1 on this apoptosis induced by TNFa could be explained by silencing of cytochrome c.
Silencing cytochrome c but not Apaf-1 increases clonogenic survival following DNA damage Mouse cells deficient in Apaf-1 or caspase-9 are not disassembled following activation of the intrinsic pathway, but they do not proliferate, 17 whereas cells deficient in cytochrome c do. 8 In principle, this difference may mean that the role of cytochrome c in cell survival is not identical to that of Apaf-1 or caspase-9, or that cells deficient in these three proteins are also different in some other respects, which is not a remote possibility considering that the cells are derived from different knockout mice.
We took advantage of the opportunity provided by using siRNA to compare effects of either cytochrome c or Apaf-1 deficiency in the same cell line. We found that although silencing expression of either protein decreased the rate of cell death induced by DNA damage (Figure 3a) , only a deficiency in cytochrome c resulted in clonogenic survival of the treated cells (Figure 3b) . This difference implied that cytochrome c deficiency delayed caspase-9 activation better than a deficiency in Apaf-1, which was contrary to our observations (Figure 1c) , that the lack of cytochrome c affected apoptosis at a stage that does not require Apaf-1, or that the effects of siCc1 are not restricted to silencing the target gene.
To test whether siCc1 affects apoptosis in a way different from activating Apaf-1, we tested whether this siRNA affected the pathways that lead to the release of proteins from mitochondria. To monitor this release, we visualized the release of Smac, a mitochondrial protein involved in apoptosis, by immunofluorescence. To facilitate the assay, we used IMR90 E1A cells in which caspase-9 activation and the consequent cell disassembly were prevented by expressing caspase-9 dominant-negative mutant (C9DN). 14 siCc1 decreased the number of cells that released Smac (Figure 4a, top panel, and 4b) , whereas an siRNA to Smac had no effect on release of cytochrome c (Figure 4a , middle panel, and Supplementary Figure S2B) . Therefore, siCc1 inhibited mitochondrial permeabilization, perhaps by changing the sensitivity of cells to DNA damage. This explanation was also consistent with the inhibitory effect on translocation of Bax to mitochondria (Figure 4a, bottom panel, and 4b) . siCc1 could change the sensitivity to DNA damage either by causing a deficiency in cytochrome c or by an unidentified offtarget effect. For example, a deficiency of cytochrome c may cause a deficiency in mitochondrial respiration, which, in turn, could have an effect on the rate of proliferation. Indeed, we noticed that cells transfected with siCc1 grew somewhat slower than cells transfected with other siRNAs (unpublished results). However, we found no differences between cell cycle distribution of untransfected cells, and cells transfected with either siC1 or siCc1 (Supplementary Figure S3) . Interestingly, siA1 increased the fraction of cells on S-phase of cell cycle, although whether this effect is owing to silencing of Apaf-1 is unclear. Following DNA damage, cell cycle distributions of cells transfected with siA1 or siCc1 were also similar. We also found no effect of siCc1 on induction of expression of p21 or phosphorylation of p53 by DNA damage (unpublished results). Overall, our observations failed to reveal any effect of siCc1 on DNA damage response but did not rule out this effect. Testing this possibility would require expression of sufficient amounts of ectopic cytochrome c, or another siRNA that is as effective in silencing cytochrome c as is siCc1. Unfortunately, we were unsuccessful in implementing either approach. A formal possibility, which also remains to be tested, is that cytochrome c is required for mitochondrial permeabilization.
Overall, we found that a deficiency in cytochrome c is required for activation of caspase-9 and apoptosis in human cells, that in some cells apoptosis induced by TNFa requires activation of caspase-9, and that silencing expression of cytochrome c increased long-term cell survival. We hope that the tools developed during this study will be useful for evaluating the diversity of apoptotic pathways in human tumor cells.
Materials and Methods

Tissue culture
All cells were maintained in Dulbecco's modified minimal medium (Invitrogen Cat # 11995-065) supplemented with 10% FBS.
siRNA design and transfection
All siRNAs were purchased from Dharmacon. GUACAUCCCUGGAAC AAAA (siCc1) was targeted to the coding region of cytochrome c and UUGGCC ACUGCCUUAUUUA (siCc2) to 3 0 UTR of the cytochrome c mRNA. siRNA to human Bid (siBid) was AGACAUCAUCCGGAAUAUU and siRNA to human Smac (siSmac) was GAAGCGGUGUUUCUCAGAA. siRNAs to Apaf-1 and caspase-1 have been described previously. 13 Cells were transfected with 100 nM siRNA unless otherwise indicated using Optimem according to the manufacturer's instructions using the protocol described previously. 18 
Gene transduction
Bcl2, CrmA, and Flip-L were cloned into the pMaRXIVpuro 19 vector. All cell lines were made by retroviral transductions as previously described. 14 Briefly, plasmids were transiently transfected into packaging cell line to produce retrovirus, which was used to infect IMR90 E1A cells. The infected cells were selected using a corresponding drug. The infection efficiency was typically about 80-90%. After the study was completed, we found that the Bcl-2 cDNA had a mutation that converted glycine 237 into serine. Whether this mutation affects Bcl-2 function is unclear, but it did not eliminate its inhibitory effect on apoptosis.
Antibodies
The monoclonal antibodies to caspase-9, caspase-8, Apaf-1, and Smac have been described previously. 13, 14 Monoclonal antibodies to actin (Santa Cruz), cytochrome c and Bax (BD Pharmingen), and polyclonal antibody for human Bid (Cell Signaling) were purchased from the indicated suppliers. 
Detection of cytochrome c and Smac by immunofluorescence
Cytochrome c, Smac, and Bax were detected with the monoclonal antibodies as described perviously 13 and visualized with anti-mouse Alexa 488. To visualize the mitochondria, cells were incubated at 371C with Mitotracker Red (Molecular Probes) 30 min before fixation according to the manufacturer's instructions.
Scoring apoptotic cells
All cells, already detached and still adherent, were collected, combined, fixed in 4% paraformaldehyde, stained with 1 mg/ml Hoechst 33342, and cells with condensed chromatin were scored as apoptotic using a fluorescence microscope. A total of 200-500 cells were counted for each sample.
Clonogenic survival
Cells were transfected with siC1, siApaf-1, or siCc1 and treated in 4 days with 50 mM etoposide for 24 h. Cells that remained adherent were rinsed with PBS, collected by trypsinization and replated in fresh medium without etoposide at a density of 10 5 or 10 6 cells per well of a six-well plate. After 14 days, the attached cells were washed with PBS, fixed, and stained with Crystal Violet to visualize cell colonies.
Cell cycle analysis
Cells were transfected with siC1, siApaf-1 or siCc1, or left untransfected and treated after 4 days with 50 mM etoposide for 16 h. Untreated cells and treated cells were stained with DAPI (10 mg/ml) for 15 min on ice and analyzed for DNA content using Becton Dickinson LSR-II Cell Analyzer. Cell cycle distribution was calculated using Modfit LT software (Verity).
